Abstract Recently, the increasing population of giant jellyfish Nemopilema nomurai has negatively affected coastal fisheries in Korea. As a result, the fishing industry has begun developing devices to prevent jellyfish capture. In this study, we assessed the performance of a conical jellyfish exclusion device in the coastal areas of Yokji Island in southern Korea during 2009. After hauling, we measured the length, diameter, and weight of the jellyfish and fish that were captured by the cod end and cover net. We found that the captured species included N. nomurai, silver croakers Pennahia argentata, yellow croakers Larimichthys polyactics, shotted halibut Eopsetta grigorjewi, largehead hairtails Trichiurus lepturus, and melon seeds Psenopsis anomala. The catch ratios of the giant jellyfish that entered the cod end in terms of weight ranged from 0.005 to 0.027. In contrast, the catch ratios of total fish in terms of weight and number were 0.793 and 0.835, respectively. On selectivity analysis of a conical separator for individual fish species, their exclusion ratios were independent of their length, and were similar to their observed exclusion ratios in terms of number. These results indicated that the conical jellyfish exclusion device performs well; however, some improvements are needed to minimize the escape of fish from the net.
Introduction
The recent increase in the population of jellyfish, especially giant jellyfish Nemopilema nomurai and moon jellyfish Aurelia aurita, in the coastal waters of Korea and Japan has negatively affected the fishing industry. Jellyfish are undesirable catches because they have poison-filled nematocysts on their tentacles, which they use to sting potential predators, and they are relatively heavy since they are approximately 95% water [1, 2] .
In general, jellyfish move both horizontally and vertically within the water column, and they tend to move upward during the day and downward during night; for example, giant jellyfish Nemopilema nomurai can move from the water surface to depths up to 176 m [3, 4] . However, this species is most often found at depth of 40 m in a warm, low-salinity water column [5] . The average swimming speed of giant jellyfish is 0.11 m s -1 , and most of them grow until their bell diameter and weight are 2 m and 200 kg, respectively [6, 7] . Due to these characteristics of jellyfish, their unwanted capture causes many negative effects, including damage to fishing nets due to their weight, increased water resistance and exclusion of desired fish due to their large size, reduction of the commercial value of captured fish due to their toxin, and increased work for and health and safety risks to fishery laborers who have contact with jellyfish to sort them from other fish [8, 9] . Furthermore, jellyfish damage affects almost all fishing equipment, including trawls, Danish seines, set nets, pair trawls, stow nets, shrimp beam trawls, and gillnets [10] .
Because of the high cost and risk associated with jellyfish damage, the operations of many fisheries in Korea are limited by jellyfish conditions. To overcome this problem, the fisheries industry has begun developing devices that effectively prevent jellyfish capture by separating and releasing them from fishing nets. Several recent studies have recommended using a combination of an exclusion device that is attached to the trawl nets and an interception net at the entrance of the set net [10] [11] [12] [13] . Jellyfish exclusion devices use a sloping panel, which consists of square mesh netting, diamond mesh netting, or a metal grid panel, in front of the cod end to separate jellyfish from trawl nets. The efficacy of these devices to exclude jellyfish and limit fish escape depends on their shape and material composition. Although jellyfish exclusion devices have a higher exclusion rate and a lower fish escape rate than many other exclusion devices, further improvement is needed to increase their efficacy and ease of use in commercial fisheries.
Recently, fishermen who use stow net fishery (FAO Home: http://www.fao.org/fishery/geartype/227/en accessed 04 May 2011) on the western coast of Korea have developed and adopted a jellyfish exclusion device that uses a conical separator, which is formed from an isosceles triangular or trapezoidal piece of netting. This cone-shaped separator works similarly to sieve nets that are inserted in shrimp trawls to direct unwanted bycatch to an escape hole under the body of the trawl net [14, 15] . Although the stow net is one of the fixed gears using tidal current, it appears to have almost the same characteristics as the trawl net hydrodynamically. In this study, we assessed the performance of a jellyfish exclusion device that uses a conical separator in a trawl net.
Materials and methods

Experimental net
Our jellyfish exclusion device (0.86 m depth 9 1.42 m width 9 8.50 m length), including extension and conical separator with the outlet, was attached between the body and cod end of the experimental trawl net, which was 43.12 m long (Fig. 1) . The cone-shaped separator was connected to the inside of the cylindrical extension (Fig. 1) . When the jellyfish is in contact with the net panel, it is more likely for jellyfish to be cut due to its weight and momentum as the twine diameter becomes thinner or the mesh size becomes larger. To decrease the entering of jellyfish fragments cut by the netting of the separator to the cod end, we used thick twine with diameter of 8 or 5.5 mm for the netting of the separator and designed the length of the separator to be as long as possible to minimize the slope angle of the upper line (5.8°).
We constructed the separator by rolling up netting that was shaped like an isosceles triangle, which was composed of a 400-mm-mesh front panel (twine diameter 8 mm, mesh opening 360 mm) and a 200-mm-mesh rear panel (twine diameter 5.5 mm, mesh opening 188 mm) near the outlet (Fig. 1) . We used this combination of mesh sizes to allow fish to pass easily through the larger mesh but to hold jellyfish in the smaller mesh without being damaged. In addition, this combination of mesh sizes facilitated the weaving and construction of the net.
In addition, the 2-m-long outlet was placed parallel to the water flow on the bottom panel of the extension, similarly to in a conventional stow net (Fig. 2) , so that jellyfish would naturally move toward the outlet due to water resistance. The distance between the outlet and the sea bed was designed to be approximately 0.7 m. For the experiment, we attached a cover net [14, 15] , which has a 50 mm mesh opening as the same mesh opening as the cod end has, to the outside of the outlet to collect any jellyfish or fish that escaped through the outlet (Fig. 2) . Several sinkers were also attached to the bottom side of the cover net to prevent the masking effect caused by overlap of the cover net with the outlet during towing [16] [17] [18] .
Sea trials and measurements
We investigated the performance of this conical jellyfish exclusion device on the R/V Tamgu After hauling, we measured the length and weight of the fish as well as the bell diameter and weight of the jellyfish that were caught by the cod end and cover net with a tapeline and a spring type balance. However, we only measured the weight of the fragments of jellyfish that entered the cod end.
Catch ratio
We calculated the catch ratio (Eq. 1) of jellyfish as the ratio of the catch weight in the cod end to the total catch weight of the cod end and cover net combined.
Rc ¼ catch in cod end= catch in cover net ð þcatch in cod endÞ:
In addition, we calculated the catch ratio for fish in terms of both catch weight and number of fish.
Selectivity analysis
In general, meshed fishing gear allows selective capture of a specific species or a certain range of fish sizes. When the target fish encounter the separator net, some of them pass through the separator net into the cod end, while the rest escape through the outlet, which plays the role of an exclusion vent. In this study, we defined the selectivity of the separator net (Eq. 2) as the exclusion ratio of fish with body length l through the outlet [14] .
We modeled selectivity as a logistic function (Eq. 3), such that the exclusion ratio increases with fish length l, or a constant function (Eq. 4), which is independent of fish length l:
Constant function : Re(lÞ ¼ c; ð4Þ
where a and b are logistic function parameters, and c is a constant.
The parameters were estimated by using the maximumlikelihood method [16, [19] [20] [21] , and Akaike's information criterion (AIC) values (Eq. 5) were used to choose the best fit model [22] [23] [24] :
where MLL is the maximum log-likelihood and q is the number of parameters. Smaller AIC value indicates better fit of the model. Since giant jellyfish in the cod end were mostly fragmented, the bell diameter of the original jellyfish could not be measured, so we could not quantify the selectivity of the separator for jellyfish in this study.
Statistical analysis
We used the Kolmogorov-Smirnov test to determine statistically significant differences in distributions of the lengths of fish that were captured in the cod end with those that were caught in the cover net. The level of significance (a) was defined to be 0.05.
Results
Catch composition and ratios
As shown in Tables 1 and 2 , we caught giant jellyfish and various fish species by using our experimental fishing gear with the conical jellyfish exclusion device. As expected, giant jellyfish were the predominant species of jellyfish. Poorly marketable fish species such as Kammal thryssa Thryssa kammalensis are included in ''others'' in Table 2 .
The catch ratios of the fish and giant jellyfish that were caught in the cod end and cover net are summarized in Tables 1 and 2 . The catch ratios of giant jellyfish that entered into the cod end in terms of weight ranged from 0.005 to 0.027, whereas the value for the total was 0.010. As a result, the jellyfish exclusion device separated and excluded 99% of the giant jellyfish that entered the trawl net. However, we found some differences in the catch ratio of the individual fish species that were caught in the cod end; the catch ratios based on the number or weight of fish were 0.0-1.0, whereas the catch ratios based on the total number or weight were 0.835 and 0.793, respectively.
Size distribution
The bell diameter of the giant jellyfish that were caught in the cover net and cod end ranged from 25 to 95 cm, and the maximum wet weight was 31 kg (Figs. 3, 4) . The weight of giant jellyfish whose bell diameter was measured corresponded to 42.8% of their total weight caught in the experimental net. When giant jellyfish grows to 2-m bell diameter, the calculation is done by using the regression equation given in Fig. 4 to give its weight, being approximately 230 kg. The length distributions of fish species that had more than 50 individuals in the cod end are shown in Fig. 5 . A slight difference was observed between the length ranges of fish that were caught in the cod end and cover net (Fig. 5 ). However, it should be noted that we could not compare the length distributions of yellow croakers in the cod end and cover net because we did not catch any yellow croakers in the cover net. The Kolmogorov-Smirnov test was used to compare the catch length distributions for each fish species in the cod end and cover net (KolmogorovSmirnov test, a = 0.05) [24] . When the yellow croaker data were excluded, the differences in the length distributions of the fish that were caught in the cod end and cover net were not statistically significant (Table 3) .
Relationship between length and girth
The maximum total lengths (TLs) of silver croaker and yellow croaker were 37.0 and 25.0 cm, respectively. By using regression analysis [25] of the maximum length and girth (G) of fish, we determined that the girths applicable to the maximum TLs of these fish were 24.4 and 13.9 cm, respectively. Similarly, the maximum anal length (AL) of largehead hairtail and the maximum fork length (FL) of melon seed were 28.0 and 21.0 cm, respectively, corresponding to girths of 11.4 and 20.1 cm, respectively [25] .
From the other fishing results carried out in the same ground and season using trawl net, their regression equations and coefficients of determination for redwing searobin, marbled sole, and shotted halibut were G (cm) = 0.3982TL -4.533 (R 2 = 0.8025), Bd (cm) = 0.3837TL -0.184 (R 2 = 0.9171), and Bd (cm) = 0.435TL -1.064 (R 2 = 0.9978), respectively, where Bd is the body depth of flat fish. For these fish, their maximum TLs were 35.0, 39.0, and 23.0 cm, respectively, corresponding to girth of 18.5 cm and body depths of 15.1 and 8.9 cm, respectively.
The standardized relative girth (G/P), which is the ratio of body girth (G) to the mesh perimeter (twice the mesh opening, P), is a primary factor of contact selection [21, 25, 27] . When the fish encountered the 400-mm-mesh front panel (mesh opening, 360 mm) of the separator, the relative girths applicable to the maximum lengths of silver croaker, yellow croaker, redwing searobin, largehead hairtail, and melon seed were 0.340, 0.193, 0.257, 0.159, and 0.280, respectively. For flat fish such as marbled sole and shotted halibut, the corresponding ratios of body depth to mesh opening, which is similar to the relative girth, were 0.421 and 0.248, respectively. When the fish encountered the rear panel (mesh opening, 188 mm) of the separator, the relative girths applicable to the maximum lengths of fish were slightly less than twice the corresponding values for the front panel, because the mesh opening of the rear panel was larger than half of that of the front panel.
Parameter estimates and model selection
The parameter estimates of the models for the fish species that were relatively commonly caught in the cover net (silver croaker, largehead hairtail, melon seed, redwing searobin, and Japanese Spanish mackerel) are shown in Table 4 . Length classes with zero catch were eliminated from the calculation of selection curves. In addition, the selection curve, which was calculated from both the observed values and the estimated parameters, is shown in Fig. 6 . Likelihood ratio statistic values, which are twice the log of the likelihood ratio between the full and current models, were calculated to test the goodness of fit for each model (Table 4) [20, 24] . There was no evidence of a lack of fit in either model. The AIC value of the constant selectivity model tended to be slightly less than that of the logistic selectivity model. Therefore, we chose the constant function as the best-fit model of the selectivity of the separator net for each fish species. In this model, the selectivity of the separator for silver croaker, largehead hairtail, melon seed, redwing searobin, and Japanese Spanish mackerel was 0.185, 0.058, 0.292, 0.247, and 0.238, respectively (Table 4) . These values were similar to the observed exclusion ratios of individual numbers for fish species (Table 2) . 5 7 9 11 13 15 17 19 21 23 25 27 
Discussion
Our results showed that the exclusion ratio of our conical jellyfish exclusion device for giant jellyfish in terms of weight (0.99) is higher than that of any other previously reported device. For example, Matsushita et al. [11] reported that a grid jellyfish excluder device (grid spacing, 0.18 m; fragment size of jellyfish C28 9 26 9 5 cm 3 ), which was designed for towed fishing gear, had an exclusion ratio of 0.89 for giant jellyfish in terms of weight. Similarly, Okino et al. [12] showed that the exclusion ratio for a jellyfish excluder device with an intercepting net (mesh size 400 mm; jellyfish bell diameter 70-90 cm) ranged from 0.40 to 0.74 in terms of weight. These results suggest that our conical jellyfish exclusion device effectively excludes giant jellyfish.
The results of Kim et al. [10] for the same ground in July 2004 showed that, on increasing the tilt angle of the square mesh separator panel by 10°, 15°, or 20°, the escape ratios of fish in terms of weight were 0.49, 0.51, and 0.56, respectively, whereas the jellyfish exclusion ratios in terms of weight were 0.66, 0.41, and 0.44, respectively. Thus, a smaller tilt angle tends to increase the jellyfish exclusion ratio but decreases the exclusion ratio of fish. As a result, we used a relatively small slope angle in this study (5.8°). We believe that this small slope angle, which was smaller than any angle previously reported for a separating net or grid panel, also contributed to the high performance of our conical jellyfish exclusion device.
In the present study, the exclusion ratios based on number for Japanese jack mackerel, melon seeds, yellow croakers, largehead hairtails, and shotted halibut were 0.043, 0.282, 0.000, 0.052, and 0.047, respectively. These values tended to be less than those reported by Kim et al. [10] , which were 0.94, 0.91, 0.89, 0.74, and 0.00, respectively. In addition, Okino et al. [12] showed that the exclusion ratio of shotted halibut in terms of number was 0.123, which is higher than the value that we determined in our study. However, these differences might have been due to differences in the position of the outlet in the jellyfish exclusion device in our study compared with those in other studies; the outlet of our conical jellyfish exclusion device was located on the bottom panel of the net, while the outlet of other exclusion devices was located on the top panel [10] [11] [12] . The different effects of the position of the outlet on the exclusion ratio may have been influenced by the fish swimming behavior in different parts of the net [26] , because fish swimming near an outlet may escape from it more easily than from a more distant outlet. A comparison of our exclusion ratios with those of Kim et al. (2008) suggested that Japanese jack mackerel, melon seeds, yellow croakers, and largehead hairtails swim near the top panel of the net. On the other hand, our exclusion ratios of ocellate spot skate and olive flounder suggested that these species usually swim near the seabed. Although a 100% catch ratio of fish in the trawl net would be ideal, it is not possible with the exclusion device because both fish and jellyfish can escape from the exclusion device. Initially, we thought that the fish that escaped from the outlet were larger than the fish that were caught in the cod end net, because the fish had to pass through the separator, which may limit the size of the fish that are captured in the cod end. However, the absence of any statistically significant differences in the distribution of lengths of fish between the cod end and cover net suggested that the separator used in the experiment did not limit the size of the fish that were captured in the cod end or escaped from the exclusion device.
Mesh size selectivity for fishing gear is usually expressed as a function of fish girth [20, 21, 25, 27] . The selectivity of fishing gear starts at the range where the relative girth, the ratio of girth to mesh perimeter, is greater than 0.5 [20, 25, 27] . In the case of fish with cylindrical body such as conger or hagfish, the selection probability occurs near one in the relative girth [20] . Except for Japanese Spanish mackerel without girth data, the relative girths applicable to the maximum lengths of most fish in this study were less than 0.5, when the fish encountered the 400-mm-mesh front panel of the separator. In the case of the 200-mm-mesh rear panel of the separator, the relative Fig. 6 Selection curves of the separator net for each fish species girths applicable to the maximum lengths of silver croaker and melon seed were slightly greater than 0.5. Also, the ratio of body depth to mesh opening for marbled sole was greater than 0.5. This indicates that most of the fish entered through the separator to the cod end, because the contact selection probability based on the relative girth is 0 when they encountered the 400-mm-mesh front panel of the separator. When the silver croaker, melon seed, and marbled sole encountered the 200-mm-mesh rear panel of the separator, some large-sized individuals may not have been able to pass the separator due to its contact selection. However, our results showed that some portion of each fish species except for yellow croaker were excluded through the outlet (Table 2) . Moreover, the difference in the length distributions of silver croaker and melon seed that were caught in the cod end and cover net was not statistically significant. This means that fish were excluded through the outlet not only by the contact selection of separator but also by its available selection including their avoidance behavior [21, 28] .
In conclusion, our results show that a constant function is the best-fit model for the selectivity of the separator net for individual fish species, because their exclusion ratio was independent of their length. In addition, the exclusion ratios, which represent the selectivity of the separator, differed among fish species, suggesting that the escape behavior of fish is species specific. However, when giant jellyfish encountered the conical separator in the jellyfish exclusion device, they were considered to be excluded by contact selection of the separator, because there is no expectation of escape behavior. Further research is needed to elucidate the species-specific behavior of fish shoals with respect to the mesh size of the separator net in the jellyfish exclusion device. We anticipate that optimized conical jellyfish exclusion devices will significantly reduce the negative impact of jellyfish on the fishing industry.
